Background--The underlying mechanisms of Brugada syndrome (BrS) are not completely understood. Recent studies provided evidence that the electrophysiological substrate, leading to electrocardiogram abnormalities and/or ventricular arrhythmias, is located in the right ventricular outflow tract (RVOT). The purpose of this study was to examine abnormalities of epicardial and endocardial local unipolar electrograms by simultaneous noninvasive mapping in patients with BrS.
B
rugada syndrome (BrS) is an inherited arrhythmia characterized by spontaneous or induced ST elevation in right precordial electrocardiogram (ECG) leads and a high risk of sudden cardiac death, attributed to ventricular fibrillation. This disorder is estimated to be responsible for at least 4% of all sudden deaths and for at least 20% of sudden deaths in patients with structurally normal hearts. 1 In familial cases, this syndrome transmits by autosomal-dominant mode of inheritance with variable penetrance. 2, 3 There are 17 genes that, when mutated, can cause the disease, but most of them represent only a minority of BrS cases. 4 The only gene accounting significant portion of BrS patients is SCN5A gene, which encodes the a-subunit of the Nav1.5 cardiac sodium channel. Mutations in this gene can be found approximately in 15% to 30% of BrS cases. 5 Experimental and clinical studies have provided evidence that cellular electrophysiological changes, leading to ECG abnormalities and ventricular arrhythmias, are located at the free wall region of the right ventricle outflow tract (RVOT). [6] [7] [8] Two main hypotheses have been proposed to explain the underlying mechanism of BrS. 1 Repolarization hypothesis considers that accelerated inactivation of Na + channels and predominance of transient outward K + current produce a gradient of the action potential in different layers of the RVOT at the beginning of repolarization. This gradient might trigger ventricular arrhythmias through phase 2 reentry. The depolarization hypothesis suggests that conduction delay and dispersion of conduction velocity in the RVOT at the end of ventricular depolarization may cause ECG abnormalities and initiation of ventricular tachyarrhythmias. 9 A number of studies including catheter-based epicardial and endocardial mapping of the RVOT in humans were performed in order to investigate electrophysiological substrate of BrS. Fractionated and low-voltage (<1 mV) bipolar electrogram (EG), [10] [11] [12] [13] [14] prolonged duration of bipolar EG, 6, 10, 12, 14 ST-segment elevation of unipolar EGs, 10 and activation-recovery interval (ARI) prolongation 8 were discovered in the epicardial aspect of the RVOT. The results of endocardial mapping of the RVOT were partly contradictory. No significant abnormalities of endocardial EGs were detected in several studies. 6, 10, 12 At the same time fractionation, prolonged duration of bipolar EGs 14, 15 and late activation were identified in the epicardial aspect of the RVOT. Previous studies have demonstrated that epicardial [10] [11] [12] [13] or endocardial 15 ablation of the zone of abnormal EGs resulted in normalization of the 12-lead ECG and in prevention of ventricular fibrillation (VF) recurrences. In a recently published study, a novel cardiac imaging modality, noninvasive electrocardiographic imaging, was used to characterize the morphology and activation and recovery-related properties of local unipolar EGs in BrS patients in comparison with right bundle brunch block (RBBB) patients and normal subjects. 16, 17 EG abnormalities, such as ST-segment elevation and fractionation of unipolar EGs, as well as conduction delay and prolongation of ARI, were found in BrS patients in the epicardial aspect of the RVOT. The results of this study were limited by only epicardially reconstructed EGs. However, methods of noninvasive reconstruction not only for epicardial, but for endocardial EGs as well have been developed recently.
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The present study investigated the morphology of local unipolar EGs and other electrophysiological properties of the heart in patients with BrS using a novel noninvasive epi-and endocardial electrophysiology system (NEEES), which allows simultaneous recording from the epi-and endocardium.
Methods

Patient Characteristics
Two groups of patients and an age-and sex-matched control group were enrolled in this study. The group of patients with BrS included 12 patients (10 males; age, 37.0AE10.7 years). The diagnosis of BrS was established according to the current consensus report. 22 Six patients (5 males; age, 42.2AE11.8 years) had persistent spontaneous Brugada type 1 ECG. Another 6 patients (5 males; age, 32.2AE6.0 years) showed a normal 12-lead ECG pattern under baseline conditions, which converted to type 1 ECG during ajmaline challenge (0.6-1.0 mg of ajmaline/kg body weight over 5-10 minutes). Three patients had documented VF episodes in history, and in 3 patients VF was induced during the electrophysiology (EP) study. Six of 12 patients were asymptomatic and not inducible during EP study. Transthoracic echocardiography (TTE; n=12) and magnetic resonance imaging (MRI; n=6) excluded the presence of structural heart disease in BrS patients. Demographic and genetic data of BrS patients are summarized in Table 1 .
The first control group consisted of 6 patients with complete RBBB (5 males; age, 37.2AE10.1 years) without structural heart disease. Clinical and demographic data of RBBB patients are summarized in Table S1 .
A second control group consisted of 15 patients (12 males; age 38.5AE8.4 years) with various clinical indications for noninvasive mapping without overt ECG abnormalities and structural heart disease. All control patients underwent TTE and Holter monitoring. All control patients had no ECG evidence or other clinical confirmations for channelopathies. Demographic data of these patients are presented in Table S2 .
The study was performed in accord with principles of the Declaration of Helsinki. Local institutional review board/ ethics committee approval was obtained before study. All patients provided written informed consent to the computed tomography (CT) or MRI scanning procedures, to noninvasive mapping, and for genetic screening and agreed to data retrieval and analysis.
Genetic Screening for Known Mutations
DNA samples were extracted from venous blood by standard methods. Original pairs of polymerase chain reaction oligoprimers encompassing all coding and adjacent intronic areas of SCN5A, SCN1B, SCN3B, KCNH2, CACNA1C, CACNB1, GPD1L, HCN4, and RANGRF genes were designed. Mutation screening in those genes was performed by bidirectional Sanger sequencing (ABI 3500; Life Technology, Carlsbad, CA) in all selected BrS patients.
Recording of Body Surface Potentials and Noninvasive Electroanatomic Mapping
The NEEES system (EP Solutions SA, Yverdon-les-Bains, Switzerland) was used for simultaneous epicardial and endocardial mapping of the heart. Up to 224 special MRI or CT scanning-compatible unipolar electrodes were placed onto the patient's torso followed by ECG-gated contrast MRI (Magnetom Avanto; Siemens Healthcare GmbH, Erlangen, Germany) or CT scanning (Somatom Definition Flash; Siemens) of the heart and torso. CT/MRI data were imported in DICOM format and semiautomatically processed by NEEES to reconstruct realistic three-dimensional (3D) models of the torso and heart. Body surface electrodes were connected to the NEEES, and ECG recordings of 5 minutes in duration during sinus rhythm were performed in all patients and controls. In 6 patients with BrS, recordings were performed at baseline and during ajmaline challenge. All ECGs were recorded with 0.05-to 500-Hz bandwidth and were digitized with the sampling rate of 1000 samples/s. Body surface ECG data were processed by NEEES, using its inverse problem solution software in combination with heart and torso anatomy, allowing for reconstruction of unipolar EGs at approximately 2500 points on epicardium and endocardium. 23, 24 A brief description of the mathematical method for epicardial and endocardial computations is enclosed in Data S1 and Figure S1 .
The following properties of EGs were evaluated: mean QRS voltage; mean ST segment elevation; EG fractionation; activation time (AT); activation-recovery intervals (ARIs); and epicardial and endocardial (Epi-Endo) voltage gradients (VGs). Fractionation of EG was defined as the presence of ≥2 intrinsic deflections with a dU/dt ≥0.04 V/s, separated by ≥10 ms. AT was defined as the interval between the beginning of the surface QRS complex and minimum derivative of the QRS in a unipolar EG. ARI was defined as the interval between times of minimum derivative of the QRS and maximum derivative of the T wave in unipolar EGs.
14 Epi-Endo VG was defined as the difference between the cardiac electrical potential (ie, unipolar EGs), reconstructed at the given point of the epicardium, and the electrical potential, reconstructed at the nearest point of the endocardium. Noninvasive reconstruction of epicardial EGs was validated extensively in the previous studies. 25, 26 For the purpose of validation of noninvasive reconstruction EGs, NEEES was used in concert with an invasive endocardial mapping in patients from the control group. Morphology of the reconstructed EGs in the RV endocardium was in agreement with the morphology of the invasively recorded EGs. An example of EG validation is presented in Figure S2 . The RVOT was depicted at the 3D heart model images in the right anterior oblique view as the area below the pulmonary valve and above the anterior border of the tricuspid valve.
Statistical Analysis
Differences among groups in categorical variables (sex, mutation status, ECG pattern, VF occurrence, response to ajmaline 
Results
Characteristics of EGs in Control Subjects
Characteristic patterns of local unipolar EGs in control subjects were reconstructed and analyzed ( Figure 1 ). Clinical characteristics of patients with RBBB and control subjects are shown in Tables S1 and S2 . In control subjects, highamplitude unfractionated EGs without significant elevation or depression of ST segment were observed in most of the areas of the epicardial and endocardial surface of the ventricles. Properties of EGs in the RVOT are presented in Table 2 ; properties of the EGs from other areas of the ventricles are presented in Table S3 .
Characteristics of Recorded EGs in BrS Patients
Significant differences in EG morphology and electrophysiological properties of local unipolar EGs between BrS patients and control subjects were found exclusively in the RVOT and, in 2 cases, in a small area of the anterior and lateral wall of the right ventricle adjacent to the RVOT. In other regions of the ventricles, unipolar EGs were similar to those in control subjects. Typical patterns of local unipolar EGs in patients with a diagnostic type 1 ECG upon baseline are presented in Figure 2 , Figure S3 , and summarized in the Table S4 . Properties of EGs localized in the RVOT are presented in Table 2 .
Abnormal EGs on the epicardial site of the RVOT revealed ST-segment elevation >2 mV, inverted T-waves, as well as fractionation of the QRS complex. Endocardial EG abnormalities in the RVOT were represented by ST-segment elevation >2 mV. J-point elevation with ST-segment elevation and inverted T waves in EGs of the RVOT resembled classical "coved-type" BrS ECG recorded in precordial leads ( Figure 2 ).
Quantitative parameters of the RVOT EGs in comparison to controls can be summarized as follows: (1 (4) all patients showed increased AT in the endocardium of the RVOT and prolonged ARIs in the epicardium of the RVOT, significantly different from those for the control group in the epicardium only: 65AE20 versus 38AE13 ms (P=0.008) and 281AE34 versus 247AE26 ms; P=0.022, respectively. Abnormal VG between the Epi-Endo VG inside the RVOT was observed in 4 of 6 patients with type 1 ECG. In these patients, a negative Epi-Endo VG (from À2.5 to À6.0 mV) appeared on the anterior and lateral part of the RVOT. In comparison, all control subjects had weak (À0.3 to À0.7 mV) uniform negative Epi-Endo VG at the entire surface of the right ventricle (RV) during the same period of measurement ( Figure 3 ; Videos S1 and S2).
Properties of EGs in the RVOT of BrS patients with type 2 ECG are summarized in Table 2 . Morphological abnormalities of the RVOT EGs in this group were represented by QRS fractionation and coved or saddleback-shaped ST elevation >2 mV; T waves of epicardial EGs were negative or biphasic.
EGs with ST elevation >2 mV in the epicardium and endocardium of the RVOT were found in 5 of 6 patients. Despite the fact that, for the above patients, ST elevation was less pronounced than in those with spontaneous type 1 ECG, the area of ST-segment elevation >2 mV significantly differed from control subjects: 13.3AE8.6 versus 0.0AE0.0 cm 2 (P=0.004) in the epicardium and 20.6AE16.9 versus 0.0AE0.0 cm 2 (P<0.001) in the endocardium.
Fractionated EGs were observed in the RVOT epicardium in all cases, but only in 1 patient in the endocardium of the RVOT. Mean area of fractionated EGs significantly differed from control subjects only in the RVOT epicardium: 11.9AE4.8 versus 0AE0.0 cm 2 (P<0.004).
Patients with type 2 BrS-ECG showed prolonged activation time in the RVOT epicardium, as compared to controls: 60AE9 versus 38AE13 ms (P=0.002). ARIs did not differ from controls. An abnormal Epi-Endo VG in the RVOT was found only in 1 of 6 patients. Tables S5 and S6 show a detailed comparison of electrograms from the RV and left ventricle (LV) obtained in patients with a type 1 ECG and corresponding controls.
Influence of Ajmaline Challenge on Cardiac Depolarization and Repolarization Properties
Typical morphological changes of EGs induced after administration of intravenous ajmaline in all patients with nondiagnostic type 1 ECG are presented in Figure S4 . Detailed properties for ajmaline-provoked EGs in the RVOT are presented in Table 2 . In all cases of nondiagnostic type 2 ECG, ajmaline challenge has led to a transformation of ECG and local RVOT EGs into a typical coved-type pattern, similar to those observed in patients with type 1 ECG under baseline conditions. Significant expansion of the area with elevated ST segment and fractionated EGs, as well as an increase of ST-segment elevation and ARI prolongation was observed in the endocardium and epicardium. AT was significantly increased, both in the epicardium (P=0.041) and endocardium (P=0.037). QRS duration and interventricular delay both increased after administration of ajmaline as compared to baseline. Abnormal Epi-Endo VG in the RVOT was observed in 4 of 6 patients versus 1 of 6 patients before ajmaline administration.
Difference in EGs Among Symptomatic and Asymptomatic BrS Patients
We compared the electrophysiological parameters of symptomatic and asymptomatic BrS patients, regardless of their baseline ECG (Table 3) . We found a significantly larger area of ST-segment elevation >2 mV in the epicardium of the RVOT in symptomatic patients as compared to asymptomatic patients (42.3AE14. Finally, the RVOT AT in the endocardium was longer in symptomatic, as compared to asymptomatic, patients (87AE21 vs 62AE14 ms; P=0.029).
Comparison of EGs Between BrS Patients and RBBB Patients
The typical patterns of unipolar EGs in patients with RBBB are presented on Figure S5 and summarized in Table S7 . Electrophysiological properties and morphology of recorded EGs significantly varied among BrS and RBBB patients. BrS patients, regardless of the baseline ECG, had fractionated EGs in the RVOT, that is, EGs with additional low-amplitude peaks of short duration. In contrast, RBBB patients had split EGs, that is, EGs with QRS divided into 2 waves of large amplitude and duration. EGs with this pattern were found not only in the RVOT, but also in most parts of the epicardium of the RV and LV. Unlike BrS patients, those with RBBB did not show EGs with significant ST-segment elevation, neither in the RVOT nor in other regions of the ventricles. A sharp increase of interventricular delay was observed in all RBBB patients. In contrast, BrS patients had no significant prolongation of interventricular delay. RBBB patients had no ARI prolongation. In all patients with RBBB during end period of QRS, the uniform weak positive Epi-Endo VG (0.02-0.8 mV) was observed in all parts of the RV, including the RVOT (Video S3).
Discussion
The relationship between epicardial and endocardial abnormalities in the RVOT of patients with BrS is still under debate. In the present study, simultaneous mapping of epicardium and endocardium was performed for the first time. Abnormal unipolar EGs in both epicardium and endocardium of the RVOT were recorded. In general, patients with BrS revealed more-pronounced electrical abnormalities on the epicardium than on the endocardium. These included depolarization abnormalities, evidenced by fractionation of EGs, delayed ventricle activation (prolonged AT), as well as repolarization abnormalities, such as coved-type ST segment, T-wave inversions, and prolonged ARIs. Abnormal electrical pattern in the endocardium consisted of coved-type ST-segment elevation, AT prolongation, and significantly less EG fractionation, as compared to EGs obtained from the epicardium. In general, the noninvasively depicted EGs changes in the RVOT were in agreement with previously described abnormalities, obtained by both invasive and noninvasive approaches. In BrS patients with spontaneous type 1 ECG pattern STsegment elevation and T-wave inversion can be demonstrated using a regular 12-lead ECG. For other BrS patients, it is the ajmaline challenge that can induce ECG changes similar to the above: Thus, the 12-lead ECG is not always capable of revealing BrS. At the same time, the presented noninvasive mapping technique can confirm BrS even at baseline conditions in the absence of ajmaline challenge.
Initially, BrS was described as a syndrome characterized by the atypical RBBB morphology of the ECG. The results of our study demonstrated that the similarity of ECG morphology in the right precordial leads in BrS and RBBB patients is mostly formal. The main abnormality in RBBB is increase of the interventricular delay. This phenomenon manifests as a splitting of the QRS complex into 2 waves, most predominantly at the ventricular epicardium, reflecting the sequential activation of the RV and LV. Significant ST-segment elevation, fractionated EGs, and ARI prolongation are not observed in RBBB patients. In addition, in 8 of 12 BrS patients with spontaneous or induced type 1 ECG, a significant negative VG was noted between the epicardium and endocardium of the RVOT. The underlying mechanism and the clinical value of this observation is not entirely clear. We can speculate that the Epi-Endo VG reflects asynchronous epicardial and endocardial depolarization or repolarization. It can also be associated with the deep notch of the action potential in the epicardium.
Using body surface potential mapping before and after intravenous ajmaline administration, Eckardt et al 27 observed an increase of mean body surface area of ST elevation, which correlated with the inducibility of ventricular arrhythmias during programmed ventricular stimulation in patients with BrS. This correlation was not found in a group of controls, arrhythmogenic ventricular cardiomyopathy patients, or in postmyocardial infarction patients. In the present study, we compared the EG abnormalities of symptomatic and asymptomatic BrS patients. Symptomatic patients had a significantly larger area of ST-segment elevation and lower QRS amplitudes in the RVOT using body surface potential mapping. This observation may potentially lead to a better risk stratification of asymptomatic patients with BrS. Further studies are needed to support this hypothesis.
Catheter ablation of the arrhythmogenic substrate in the RVOT identified by invasive endo-and epicardial mapping is a new, promising strategy for treatment of symptomatic BrS patients with recurrent episodes of VF. The fact that epi-and endocardial changes are present in patients with BrS may have potential clinical implications, because ablation of the arrhythmogenic substrate can be achieved by both endo- 14 and epicardial ablation.
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Conclusion
Noninvasive simultaneous mapping of the endo-and epicardium is allowing detection of the zones in the RVOT where local unipolar EGs demonstrated abnormal depolarization and repolarization in BrS patients. These abnormalities can be localized in the epicardium as well as in the endocardium and may be considered as an arrhythmogenic substrate.
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